This study investigated whether positive modulators of AMPAtype glutamate receptors influence neurotrophin expression by forebrain neurons. Treatments with the ampakine CX614 markedly and reversibly increased brain-derived neurotrophic factor (BDNF) mRNA and protein levels in cultured rat entorhinal/ hippocampal slices. Acute effects of CX614 were dose dependent over the range in which the drug increased synchronous neuronal discharges; threshold concentrations for acute responses had large effects on mRNA content when applied for 3 d. Comparable results were obtained with a second, structurally distinct ampakine CX546. Ampakine-induced upregulation was broadly suppressed by AMPA, but not NMDA, receptor antagonists and by reducing transmitter release. Antagonism of L-type voltage-sensitive calcium channels blocked induction in entorhinal cortex but not hippocampus. Prolonged infusions of suprathreshold ampakine concentrations produced peak BDNF mRNA levels at 12 hr and a return to baseline levels by 48 hr. In contrast, BDNF protein remained elevated throughout a 48 hr incubation with the drug. Nerve growth factor mRNA levels also were increased by ampakines but with a much more rapid return to control levels during chronic administration. Finally, intraperitoneal injections of CX546 increased hippocampal BDNF mRNA levels in aged rats and middle-aged mice. The present results provide evidence of regional differences in mechanisms via which activity regulates neurotrophin expression. Moreover, these data establish that changes in synaptic potency produce sufficient network level physiological effects for inducing neurotrophin genes, indicate that the response becomes refractory during prolonged ampakine exposure, and raise the possibility of using positive AMPA modulators to regulate neurotrophin levels in aged brain.
This study investigated whether positive modulators of AMPAtype glutamate receptors influence neurotrophin expression by forebrain neurons. Treatments with the ampakine CX614 markedly and reversibly increased brain-derived neurotrophic factor (BDNF) mRNA and protein levels in cultured rat entorhinal/ hippocampal slices. Acute effects of CX614 were dose dependent over the range in which the drug increased synchronous neuronal discharges; threshold concentrations for acute responses had large effects on mRNA content when applied for 3 d. Comparable results were obtained with a second, structurally distinct ampakine CX546. Ampakine-induced upregulation was broadly suppressed by AMPA, but not NMDA, receptor antagonists and by reducing transmitter release. Antagonism of L-type voltage-sensitive calcium channels blocked induction in entorhinal cortex but not hippocampus. Prolonged infusions of suprathreshold ampakine concentrations produced peak BDNF mRNA levels at 12 hr and a return to baseline levels by 48 hr. In contrast, BDNF protein remained elevated throughout a 48 hr incubation with the drug. Nerve growth factor mRNA levels also were increased by ampakines but with a much more rapid return to control levels during chronic administration. Finally, intraperitoneal injections of CX546 increased hippocampal BDNF mRNA levels in aged rats and middle-aged mice. The present results provide evidence of regional differences in mechanisms via which activity regulates neurotrophin expression. Moreover, these data establish that changes in synaptic potency produce sufficient network level physiological effects for inducing neurotrophin genes, indicate that the response becomes refractory during prolonged ampakine exposure, and raise the possibility of using positive AMPA modulators to regulate neurotrophin levels in aged brain.
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Neurotrophins protect neurons from a variety of pathogenic conditions Mattson and Scheff, 1994) . Consequently, there is considerable therapeutic interest in finding means to increase their availability in adult brain. In vivo the neurotrophins brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) are positively regulated by neuronal activity across a broad intensity range as demonstrated by the effects of seizures (Gall and Isackson, 1989; Bengzon et al., 1993; Lauterborn et al., 1995) , afferent (Patterson et al., 1992; Castrén et al., 1993) and sensory (C astrén et al., 1992; Rocamora et al., 1996) stimulation, physical exercise (Neeper et al., 1996) , and behavior in complex environments (Torasdotter et al., 1996; Gall et al., 1998; Kesslak et al., 1998) . Although there is no direct evidence that variations in patterns of activity associated with everyday behaviors are sufficient to alter expression, the above observations suggest that elevations in neurotrophin production might be achieved by enhancing normally occurring physiological events.
Current evidence suggests that activity-dependent expression is primarily mediated by non-NMDA glutamate receptors. Kainic acid is a potent inducer of BDNF and NGF in hippocampal neurons, whereas NMDA is not (Zafra et al., 1990; Ghosh et al., 1994; Wetmore et al., 1994) . The degree to which kainate's effects on expression are caused by stimulation of kainate-as opposed to AMPA-type glutamate receptors has not been established. The excitotoxin causes seizures, the concomitants of which undoubtedly include AMPA receptor activation. AMPA receptors bind kainate with moderate affinity (Hall et al., 1994) and do not desensitize as rapidly as kainate receptors (Patneau and Mayer, 1991; Lerma et al., 1993) . Because the former receptors are orders of magnitude more numerous than the latter (Simon et al., 1976; Olsen et al., 1987) , slowly desensitizing binding to them is likely to be a significant contributor to the effects induced by kainate. If AMPA-gated ion currents regulate neurotrophin gene regulation, then compounds that specifically enhance these currents should promote expression. The present studies tested this prediction using cultured hippocampal slices.
Ampakines are a group of recently introduced, small compounds (Arai et al., 1994; Staubli et al., 1994a ) that slow deactivation of AMPA receptors and thereby increase fast excitatory synaptic currents (Arai et al., 1996) . The drugs do not have agonistic or antagonistic properties but instead modulate the receptor rate constants for transmitter binding, channel opening, and desensitization (Arai et al., 1996) . Ampakines are of particular interest with regard to neurotrophin regulation because they freely cross the blood-brain barrier (Staubli et al., 1994b) and have subtle effects on behavior at dosages sufficient to affect unit activity in the hippocampus (Hampson et al., 1998b) . They enhance the encoding of several variants of memory in rats (Staubli et al., 1994a; Rogan et al., 1997) and possibly humans (Ingvar et al., 1997) without detectably affecting performance or mood. Moreover, repeated administration produces lasting improvements in learned behaviors without causing evident side effects (Hampson et al., 1998a) . If positive modulation of AM PA receptors is an adequate stimulus for upregulating neurotrophins, then ampakines could provide a means to exploit this for therapeutic purposes. Accordingly, the present studies included tests of whether systemic ampakine treatment increases neurotrophin gene expression in brain.
MATERIALS AND METHODS
In vitro e xperiments. Cultured hippocampal slices were prepared from Sprague Dawley rat pups (9 -10 d after birth; Simonsen Labs, Gilroy, CA; n ϭ 70) as described previously (Stoppini et al., 1991; Rivera et al., 1993) . In most cases, the cultured slices contained the hippocampus, subiculum, and portions of entorhinal cortex. Slices were explanted onto Millicel-C M biomembrane inserts (Millipore, Bedford, M A) in a six-well culture cluster plate (Corning, C ambridge, M A) containing sterile media (1 ml / well) consisting of minimum essential media, 30 mM dextrose, 30 mM H EPES, 5 mM Na 2 HC O 3 , 3 mM glutamine, 0.5 mM ascorbic acid, 2 mM CaCl 2 , 2.5 mM MgSO 4 , 1 mg / l insulin, and 20% horse serum, pH 7.2 (all reagents from Sigma, St. L ouis, MO). For each rat, slices from both hippocampi were explanted onto four biomembranes (four slices per membrane group). The tissue was maintained for 12-18 d in a humidified incubator at 37°C in 5% C O 2 ; the medium was changed every other day.
Treatment was as follows. All experiments were begun on days 11-12 in culture. T wo AM PA receptor-modulating drugs (ampakines) were used: C X614 (LiD37 or BDP-37) Hennegriff et al., 1997; Kessler et al., 1998) and C X546 (GR87 or BDP-17) (Rogers et al., 1988; Holst et al., 1998) , both gifts from Cortex Pharmaceuticals (Irvine, CA). The ampakines were dissolved in 100% dimethylsulfoxide (DMSO; Sigma) and stored at Ϫ20°C. Doses and treatment schedules are presented in Results with each experiment. For controls, cultures were either untreated or treated with equivalent concentrations of vehicle (i.e., DMSO at final dilutions of 1:2000 -1:10,000). For experiments in which multiple drug doses were used, the DMSO concentration used for the vehicle control was the same as that used for the highest ampakine dose. Preliminary control experiments demonstrated that treatment with DMSO vehicle alone had no significant effect on BDN F mRNA content over the treatment intervals used here. Specifically, explants were treated with the highest dose of DMSO (1:2000) and fixed after exposure intervals of 12 hr (n ϭ 8), 24 hr (n ϭ 7), 48 hr (n ϭ 15), and 96 hr (n ϭ 7); mRNA levels were compared with those in untreated explants (n ϭ 16). Evaluation of BDN F cRNA-labeling densities within the principal cell layers of the hippocampus and in layers II / III of the entorhinal cortex revealed no significant differences between untreated and DMSOtreated explants at any time point ( p ϭ 0.233 for stratum granulosum and p ϭ 0.1 for entorhinal cortex, Kruskal -Wallis; p ϭ 0.294 for CA1 stratum pyramidale and p ϭ 0.164 for CA3 stratum pyramidale, ANOVA). Because DMSO had no effect on mRNA expression, control tissue from each culture plate was generally fixed to correspond to the longest time point tested. However, to verif y f urther that there were no effects of the vehicle on mRNA content, in some sets DMSO-treated control tissue also was fixed at additional time points as noted in the figure captions. Because there were no significant differences in labeling densities across control groups in time course experiments, the control data were grouped for statistical comparisons with measures from experimental tissue. For all experiments, the ampakines were maintained in the culture media throughout the f ull treatment interval unless otherwise indicated. For experiments using C NQX (20 M; Tocris Cookson, Ballwin, MO), APV (100 M; Tocris Cookson), nimodipine (20 M; Alomone Labs, Jerusalem, Israel), or CoC l 2 (5 mM; Sigma), cultured slices were first pretreated (1 hr for C NQX and APV, 30 min for nimodipine, and 10 min for CoC l 2 ) with either the blocker or vehicle in media and then treated for 3 hr with either blocker alone, blocker ϩ 50 M C X614, 50 M C X614 alone, or vehicle.
For in situ hybridization analyses, treatments were terminated by fixation with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2 (PPB). After overnight fixation the slices were cryoprotected with 20% sucrose in PPB for 1 hr and then sectioned (20 m) parallel to the broad explant surface using a freezing microtome. Sections were mounted onto Superfrost / Plus slides (Fisher Scientific, Houston, TX) and processed for in situ hybridization as described below. For BDN F protein assay, tissue was collected as described below.
In vivo e xperiments. Aged L ong-Evans rats (Charles River Laboratories, Wilmington, M A) ranging in age from 18 to 21 months were used (n ϭ 10). Because stress has been reported to inhibit BDN F mRNA expression (Smith et al., 1995) , rats were first acclimated to procedures by handling (10 min /d) for 5 d followed by handling with daily intraperitoneal injections of 0.9% saline for 5 additional days. The rats were then injected once daily for 5 d either with 30 mg / kg C X546 dissolved in 16.5% cyclodextrin [2-hydroxypropyl-␤-cyclodextrin (CDX); Aldrich, Milwaukee, W I] in 0.9% saline (n ϭ 6) or with a comparable volume of vehicle (16.5% CDX in 0.9% saline; n ϭ 3). One additional rat was injected daily with 0.9% saline. Animals were killed 24 hr after the last injection by overdose with sodium pentobarbital and intracardial perf usion with PPB.
Middle-aged C57/ blk mice (The Jackson Laboratory, Bar Harbor, M E) from 9 to 11 months of age were used (n ϭ 9). Mice were injected intraperitoneally once with 40 mg / kg C X546 in 16.5% CDX in 0.9% saline (n ϭ 3) or with vehicle (n ϭ 3). Mice were killed 24 hr after injection, with paired untreated controls (n ϭ 3), by overdose with sodium pentobarbital and perf usion with PPB.
Brains were post-fixed for 24 hr at 4°C in perf usate, cryoprotected in 20% sucrose in PPB for 48 -72 hr at 4°C, sectioned (25 m, coronal) through the hippocampus using a freezing microtome, and collected into cold PPB.
cR NA probe preparation. All cRNA probes were transcribed in the presence of 35 S-labeled UTP (DuPont N EN, Boston, M A). The cRNA to BDN F exon V was generated from PvuII-digested recombinant plasmid pR1112-8 (Isackson et al., 1991) , yielding a 540 base length probe with 384 bases complementary to BDN F exon V-containing mRNA (Timmusk et al., 1993) . The rat NGF cRNA transcribed from PvuIIdigested genomic clone pBSNGF (Stratagene, La Jolla, CA) was 970 bases long with a span complementary to 750 bases of the coding region of rat NGF mRNA (Whittemore et al., 1988) . The trkB cRNA was transcribed from EcoRI-digested pSK TrkBPCR; the insert includes 338 bp specific for the kinase (ϩ) form of the receptor (Dixon and McK innon, 1994) .
In situ hybridization. In situ hybridization procedures for slide-mounted and free-floating tissue were as described in detail elsewhere (Lauterborn et al., 1994) with hybridization incubation times of 16 -20 hr for slide-mounted tissue or 30 -36 hr for free-floating tissue at 60°C and the 35 S-labeled cRNA probe at a concentration of 1 ϫ 10 7 cpm /ml. After a final posthybridization wash in 0.1ϫ SSC buffer (1ϫ SSC ϭ 0.15 M NaC l and 0.015 M Na citrate, pH 7.0) at 60°C, the free-floating tissue was mounted onto gelatin-coated slides. All tissue was processed for both film (␤-max; Amersham, Arlington Heights, IL) and emulsion (N TB2; Kodak Eastman, Rochester, N Y) autoradiography with exposure times of 2-4 d and 3-5 weeks, respectively. After emulsion development, the tissue was stained with cresyl violet or hematoxylin and coverslipped with Permount (Fisher Scientific).
Quantification of in situ hybridization. Hybridization densities were measured from film autoradiograms, with labeling densities calibrated relative to film images of 14 C -labeled standards (American Radiolabeled Chemicals, St. L ouis, MO), using the Microcomputer Imaging Device (Imaging Research, St. C atherines, Ontario, C anada). The standards were rated by micro-Curies per gram; therefore these same units of measure were applied to tissue hybridization densities reported herein. For in vitro experiments, measurements were taken from the internal leaf of the dentate gyrus stratum granulosum, CA3b stratum pyramidale, and CA1b stratum pyramidale. Where possible, hybridization densities also were measured in layers II / III of the entorhinal cortex. Measurements from the dentate gyrus molecular layer were collected to estimate tissue background levels. For all experiments, multiple measurements were taken from three to four tissue sections per explant using a square sample-field template that spanned the depth of the target cell layer. Ten adjacent samples were collected from each cell layer per section and averaged. The section averages were then totaled and averaged to generate an explant mean for each field. For NGF cRNA hybridization, density measures were analyzed for the stratum granulosum alone because this neurotrophin is not expressed by the principal neurons within CA3-CA1 stratum pyramidale (Lauterborn et al., 1993) . For most in vitro experiments, the significance of effect of treatment was determined by the one-way ANOVA followed by the Student-Newman -Keuls (SN K) post hoc test or Student's t test for individual comparisons. In circumstances in which the SDs were significantly different between treatment groups (as determined by Bartlett's test for homogeneity of variances), significance was determined using the Kruskal -Wallis nonparametric ANOVA followed by Mann -Whitney U or Student's t tests for individual comparisons. For experiments in which blocking agents and ampakines were used together, a two-way ANOVA was performed followed by either Student-Newman -Keuls, Student's t, or Mann -Whitney U tests for planned comparisons. For in vivo experiments, measurements were taken from the midseptotemporal hippocampus within the internal leaf of the stratum granulosum, CA3b stratum pyramidale, and CA1b stratum pyramidale; 10 -15 measurements per section were made for each field as described above. For each animal, measurements were taken from three to four sections; section means were averaged to generate a mean value for each field. The significance of differences between drug-treated and control groups was determined using Student's t test. In all instances statistical analyses were conducted using the Instat 2.03 program (Graph Pad, San Diego, CA) with reference to Motulsky (1995) , and the 95% confidence level was considered significant. Unless otherwise stated, statistical results presented in the text are for comparison with control values.
BDNF immunoassay. Cultures were collected into 100 l of cold lysis buffer (137 mM NaC l, 20 mM Tris, 10% glycerol, 1 mM PMSF, 10 g /ml aprotinin, 1 g /ml leupeptin, 0.5 mM Na vanadate, and 1% N P-40). Four hippocampal slices from one insert were pooled for each "sample" assayed; each time point included three to four separate samples. Tissue was manually homogenized in lysis buffer, acidified to pH 2.5 with 1N HC l, and incubated for 15 min on ice. The pH was neutralized to pH 8.0 with 1N NaOH, and samples were frozen (Ϫ70°C) until assayed. Total BDN F protein content for each sample was measured using the BDN F Emax Immunassay System (Promega, Madison, W I) according to kit instructions, with the absorbance at 450 nm determined using a plate reader. Data from two separate immunoassay experiments were pooled for statistical analyses using ANOVA followed by the Student-NewmanKeuls test for individual comparisons.
Electrophysiolog y. Culture inserts containing three to four hippocampal slices were transferred to a recording chamber 10 -20 min before recording. Slices were maintained at the interface between a moist atmosphere containing 5% C O 2 (flow rate, 1 l /min) and serum-free culture media at 33°C. E xtracellular recordings from the stratum radiatum of field CA1 and the granule cell layer were made using a glass pipette filled with 2 M NaC l. E xplants exhibiting high basal activity, i.e., massive spike events followed by spreading depression, were discarded. For acute effects of drug, basal activity was monitored for 30 min, in normal serum-free medium, and then culture medium containing C X614 was inf used into the chamber; a stock solution of C X614 (50 mM) was prepared in DMSO and diluted 1:1000 -1:5000 for experimental use. Preliminary experiments demonstrated that DMSO at concentrations up to 0.2% (i.e., double the highest concentration used in the present experiments) had no effect on synaptic responses. Spontaneous field potentials were recorded during sweeps of 1 sec duration; recording blocks consisted of 200 consecutive sweeps separated by a 1 sec interval and thus extended over a period of 6 -7 min. Recording blocks were collected during baseline monitoring and 10 min after switching the media to one containing C X614. Field potentials were acquired and digitized at 10 kHz using the Neuronal Activity Acquisition Program (Eclectek Enterprise, Irvine, CA). Statistical significance was determined using the one-way ANOVA followed by Student's t or Mann -Whitney U tests for planned comparisons.
RESULTS

In vitro studies Ampak ines increase BDNF expression in a dose-dependent manner
Cultured hippocampal slices were incubated with the ampakine CX614 at various concentrations and for different durations, and effects on BDN F mRNA content were assessed by 35 S-cRNA in situ hybridization and quantification of autoradiographic labeling. As shown in Figure 1 B, treatment with 50 M for 3 hr caused a striking increase in BDN F cRNA labeling in all subdivisions of the hippocampus. This effect was f ully reversed after switching to drug-free media for 15 or 21 hr (Fig. 1C) . Group results for the dentate gyrus stratum granulosum are summarized in Figure 1 D. BDNF cRNA labeling at the 3 hr time point was elevated above control values ( p Ͻ 0.01, SNK) and had declined to control levels in the 18 and 24 hr washout groups.
Dose-response data for 3 hr incubations with CX614 are summarized in Figure 2 . The threshold dose for the granule cells appeared to be ϳ10 M, with 20 M causing a robust and reliable increase relative to that in control slices ( p Ͻ 0.04). BDNF mRNA levels in CA3 stratum pyramidale tended to be greater than control values with CX614 treatment at 10 and 20 M but not significantly so, whereas the effects at 50 M were robust. Measures from CA1 stratum pyramidale gave no evidence of a response to 10 or 20 M; as shown in Figure 2 , median scores (horizontal lines) were virtually identical for the 0, 10, and 20 M ampakine treatment groups (n ϭ 4 each). However, as in the other hippocampal subfields, 50 M CX614 produced a significant ( p Ͻ 0.001) elevation. Densitometric values for CA3 and CA1 were highly correlated (r ϭ 0.986 for controls), making it possible to use within-slice comparisons to test for effects at low drug concentrations. As shown in Figure 2 (right), the within-slice CA3/CA1 ratio increased significantly from 0.70 in controls to 1.04 at 10 M and to 1.51 at 20 M, thereby demonstrating that there was indeed a significant response to the lower dose. These latter observations indicate that 3 hr exposures to threshold concentrations of ampakine are sufficient to modify the balance of neurotrophin expression across pyramidal cell subfields. , and an explant treated for 3 hr with C X614 (50 M) and then maintained in drug-free media for an additional 15 hr ( C). Shown in B, the 3 hr C X614 treatment increased BDN F cRNA labeling in the stratum granulosum (sg) and stratum pyramidale (sp) (regions CA3-CA1). This effect was reversed by 18 hr after drug washout ( C). Scale bar, 300 m. D, Bar graph showing group mean-labeling density values (Ϯ SEM; n Ͼ 4/group) within the stratum (str.) granulosum of control explants treated for 3 hr with DMSO (con), explants treated for 3 hr with C X614 (50 M) alone, and explants treated for 3 hr with C X614 (50 M), followed by drug washout for an additional 15 or 21 hr (for 18 and 24 hr time points, respectively). As shown, CX614 significantly increased BDN F cRNA labeling in the granule cells by 3 hr ( p Ͻ 0.01 vs control, SN K ; overall effect of treatment, p Ͻ 0.0005, ANOVA). This increase was eliminated by subsequent 15-21 hr drug washout.
The possibility that ampakine concentrations that were near threshold at 3 hr would increase BDN F expression with prolonged application was tested using 10 M C X614. The drug was reapplied every 24 hr for 2, 3, or 4 d. ANOVA indicated that the treatment significantly increased BDN F mRNA content in each of the three hippocampal subdivisions. As shown in Figure 3 , dramatic increases were evident after 72 hr and, in marked contrast to the results obtained with acute administration of this dose, were of approximately the same magnitude (ϳ10-fold) in pyramidal and granule neurons. Thus, when applied at a relatively low dose the ampakine progressively increases BDNF expression over time and can sustain BDN F mRNA content at elevated levels for days.
The time course of ampakine-induced increases in BDNF mRNA content was further evaluated using 50 M CX614, shown above to influence mRNA content in all subfields after a 3 hr exposure. Results obtained with treatments of 12, 24, and 48 hr are illustrated in Figure 4 . As shown, a 12 hr exposure (Fig. 4 B) increased labeling above that in control slices (Fig. 4 A) in all subdivisions of the hippocampus and retrohippocampal cortex. With a 24 hr treatment (Fig. 4C) , BDNF mRNA levels were also increased but not to the degree seen after 12 hr. The falloff in labeling was still more evident in slices continuously exposed to the ampakine for 48 hr (Fig. 4 D) , at which time expression approached control levels. Figure 5 summarizes time course results with CX614 at 50 M for seven experiments involving 85 explants. Differences in labeling densities across time points were highly significant for each region sampled (stratum granulosum, CA3 and CA1 stratum pyramidale, and entorhinal cortex layer II; p Ͻ 0.0001, ANOVA). Peak values for the hippocampus were attained by 12 hr; increases in the entorhinal cortex may have reached their maximum previously, but variance between experiments precludes a strong conclusion. The size of the increase differed across regions, ranging from 5-fold for the pyramidal cell layers to 30-fold for the superficial entorhinal cortex. The quantitative results in Figure 5 also confirm that the elevation in BDNF mRNA declines between 12 and 24 hr ( p Ͻ 0.05 for CA1; p Ͻ 0.01 for the entorhinal cortex; p Ͼ 0.05 for the stratum granulosum and CA3, SNK) and is gone by 48 hr despite continuous exposure to the ampakine. Still longer incubations at this dose (i.e., 72 hr) did not result in further increases or decreases from control values.
Among other possibilities, the inverted U curve for duration versus BDNF expression observed with suprathreshold CX614 treatment could indicate that the ampakine is in some way altered by exposure to the tissue or that slices so treated generate diffusible materials that interfere with the drug's actions. As a first test of these possibilities, media from slices that had been exposed to CX614 at 50 M for 3 hr were collected and applied to a second set of previously untreated slices for 3 hr. The media from this group were then collected and applied to a third set of previously Figure 2 . Ampakine-induced increases in BDN F mRNA content are dose-dependent. Bar graphs show the effect of a 3 hr treatment with various concentrations of CX614 on BDN F cRNA labeling in the dentate gyrus stratum granulosum (SG), CA3 stratum pyramidale, and CA1 stratum pyramidale. Left, Graphs show mean density values for each subfield (Ϯ SEM; n ϭ 4/group; lef t y-axis applies to the stratum granulosum; right y-axis applies to CA3 and CA1). In all fields there was a significant effect of treatment ( p ϭ 0.0336 for SG; p ϭ 0.003 for CA3; p Ͻ 0.0001 for CA1). For the granule cells, a modest increase in labeling was seen with 10 M, and more dramatic increases were apparent with the higher doses ( p Ͻ 0.05 vs control, SNK). For the pyramidal cells, only 50 M elicited significant increases ( p Ͻ 0.001 for CA3; p Ͻ 0.001 for CA1 vs control, SN K). Right, The graph shows the within-slice values for the CA3/CA1-labeling ratio (Ϯ SEM). As shown, there were significant increases in the CA3/CA1 ratio at both 10 and 20 M ( p Ͻ 0.05 and 0.03, respectively, Student's t test for comparison with controls). (1:10,000) for 96 hr. Group mean densitometric measures (Ϯ SEM; n ϭ 8/group) of BDNF cRNA labeling in the stratum granulosum (SG), CA3 stratum pyramidale, and CA1 stratum pyramidale are presented. For all three regions, there was a significant effect of treatment ( p Ͻ 0.0152 for SG, 0.0012 for CA3, and 0.0003 for CA1, ANOVA), with the greatest increase in labeling density occurring at 72 hr as compared with controls ( p Ͻ 0.05, 0.01, and 0.001 for SG, CA3, and CA1, respectively, SN K). untreated slices for 3 hr. Figure 6 shows that the ampakine was as potent on second and third applications as it was on the first in inducing BDN F mRNA levels across the hippocampal subfields and entorhinal cortex.
A second and less potent ampakine, C X546, was also tested for its ability to induce BDN F expression. In an acute study, explants were treated for 3 hr with C X546 at a range of concentrations (50, 100, and 250 M; n ϭ 4 -5 explants/drug group; n ϭ 7 for 3 hr DMSO controls). With the 3 hr treatment, BDN F mRNA levels in the stratum granulosum were modestly increased (190% of control values) by a 50 M dose ( p Ͻ 0.001, ANOVA for overall effect of treatment; p Ͻ 0.006 for 50 M vs control, Student's t test), a concentration that is close to the threshold for enhancing field EPSPs in hippocampal slices (A. Arai and G. Lynch, unpublished observations) . The highest concentration tested (250 M) generated a 5.5-fold increase in expression ( p Ͻ 0.006 vs control, Mann -Whitney U test) in this cell layer; this is close to the approximate sixfold increase elicited over 3 hr by a f unctionally equivalent concentration (50 M) of C X614. E xpression in the CA3 stratum pyramidale was unaffected by the threshold CX546 concentration, tended to be elevated at 100 M, and was robustly increased 3.8-fold above control values at 250 M ( p Ͻ 0.001, ANOVA; p ϭ 0.0031, Mann-Whitney U test for 250 M vs control). Labeling within CA1 was only elevated after treatment with 250 M (1.6-fold above control values; p Ͻ 0.001, ANOVA; Figure 6 . C X614 retains the ability to induce BDN F mRNA expression over time in vitro. Bar graphs show group mean BDN F cRNA-labeling densities (Ci/gm; Ϯ SEM) within the stratum granulosum (SG) and the superficial entorhinal cortex (EC) (lef t) and the stratum pyramidale of regions CA3 and CA1 (right). Group #1 explants were treated with fresh 50 M C X614 for 3 hr. The media were then transferred to group #2 for 3 hr and then collected and transferred to group #3 for another 3 hr. Each group of slices was fixed at the end of its 3 hr ampakine treatment interval. Values from untreated control slices are presented as Con; n ϭ 4 -5 explants per group. In all fields, there was a significant overall effect of treatment (ANOVA, p Ͻ 0.0001 for the stratum granulosum; p ϭ 0.0005 for CA3; p ϭ 0.0084 for CA1; p ϭ 0.0002 for EC). In comparison with the control group, hybridization was significantly elevated in all drug-treated groups (*p Ͻ 0.05; **p Ͻ 0.01 for CA1 and the entorhinal cortex; **p Ͻ 0.001 for the stratum granulosum and CA3, SN K). Notably, as compared with group #1 values, hybridization densities were not reduced in latertreated groups. vs control) . In all, acute treatment with C X546 produced the same quantitative results as CX614 and with a similar regional distribution of sensitivities (dentate Ͼ CA3 Ͼ CA1).
Treatment with C X546 for 24 hr (n ϭ 6 -10 explants for drug-treated and 24 hr DMSO-control groups) increased BDNF mRNA content over a far lower dose range (25, 50, and 100 M). There was a significant effect of treatment with the drug for all three hippocampal subfields ( p Ͻ 0.02, Kruskal -Wallis nonparametric ANOVA for all fields). Labeling was elevated 2.2-and 1.9-fold in the CA1 stratum pyramidale of slices treated with CX546 at 50 and 100 M, respectively, as compared with DMSOtreated controls ( p Ͻ 0.02, Mann -Whitney U test); these concentrations had no clear effect on BDN F mRNA by 3 hr (above)
Ampak ine treatment increases BDNF protein content
To determine whether induced increases in BDN F mRNA content were associated with increases in BDN F protein, immunoassays were performed on slices treated with C X614 at 50 M for 6, 24, and 48 hr. Six hours were chosen as the earliest time point because previous work demonstrated a 3-4 hr delay between activity-induced increases in BDN F mRNA and immunoreactivity (IR) in vivo (Nawa et al., 1995) . For analysis, the four hippocampal slices within a single culture well were pooled to create an individual sample; three to four samples were measured per group. C X614 induced a significant increase in BDN F-IR in all treatment groups, and in contrast to mRNA measures (Fig. 5) , protein levels were comparably elevated above control values after 6, 24, and 48 hr exposures [control, 3.92 Ϯ 1.63 ng/g (Ϯ SEM); 6 hr, 9.76 Ϯ 1.07 ng /g; 24 hr, 11.82 Ϯ 1.21 ng /g; 48 hr, 11.99 Ϯ 2.00 ng /g; p Ͻ 0.05, for all control vs experimental comparisons]. Values between ampakine-treated groups were not significantly different.
Receptor and ion channel dependencies
Cultured slices were treated with C X614 in combination with receptor or ion channel blockers. Figure 7 , A and B, shows a control slice and one treated with 50 M C X614 for 3 hr, respectively; drug-induced increases in BDN F cRNA hybridization in the dentate gyrus granule cells, hippocampal pyramidal cells, and retrohippocampal cortex are evident. As shown in Figure 7C , this effect was essentially eliminated in paired slices cotreated with the ampakine and the selective AM PA receptor antagonist CNQX at 20 M, a dose shown in other work to block fast excitatory transmission in slices. In contrast, the NMDA receptor antagonist APV (100 M) had no obvious effect on CX614-induced increases in BDN F mRNA content at the 3 hr time point (Fig. 7D) . This impression was reinforced by densitometric analyses that revealed no measurable difference between slices treated for 3 or 6 hr with 50 M C X614 ϩ 100 M APV and those treated with 50 M C X614 alone (data not shown).
Further evidence that the ampakine-induced increase in BDNF expression is dependent on transmission was obtained with 5 mM CoCl 2 , a treatment that blocks calcium fluxes and thus glutamate release. Figure 7F shows that the effects of CX614 are altogether absent in a CoCl 2 -cotreated slice. In contrast to this broad effect, cotreatment with the L-type voltage-sensitive calcium channel blocker nimodipine (20 M) reduced CX614-induced increases in BDNF mRNA in layers II and III of the entorhinal cortex (Fig. 7E , white arrow) but did not block effects of the ampakine in the hippocampus proper or the dentate gyrus. Figure 8 summarizes group results for nimodipine and CNQX applied alone or with CX614 for 3 hr. Note that there was no overlap in labeling densities in the dentate gyrus (Fig. 8 A) and field CA3 (Fig. 8 B) for slices given CX614 alone versus those cotreated with CNQX ( p Ͻ 0.001) and that the latter group values were not detectably different from control. Similar results were obtained in field CA1 stratum pyramidale and superficial entorhinal cortex (data not shown). The regionally differentiated effects of nimodipine were confirmed by quantitative analyses; within the same slice the channel blocker significantly attenuated the ampakine effect on BDNF expression in the entorhinal cortex but not in the stratum granulosum (Fig. 8C,D) .
Effects on NGF and trkB mRNA levels
Previous studies have demonstrated that, in addition to effects on BDNF, seizures and/or intense glutamate receptor activation increase the expression of NGF, specifically within the dentate gyrus granule cells (Lauterborn et al., 1993) , and of the BDNF receptor trkB Merlio et al., 1993) . To test the generality of ampakine effects on activity-regulated neurotrophin genes, we examined the influence of C X614 on NGF and trkB mRNA levels in cultured hippocampal slices. As the photomicrographs in Figure 9 , A and B, illustrate, a 6 hr incubation with C X614 at 50 M caused a marked increase in NGF cRNA labeling within the stratum granulosum but did not appear to affect labeling densities or numbers of the NGF mRNA-positive interneurons. The increase in granule cell labeling was maximal after 3 hr, the earliest time point tested, and declined thereafter (3 vs 6 hr incubation; p Ͻ 0.01, SN K). Labeling densities were not different from control values in slices exposed to CX614 for 24 hr (Fig. 9C) .
Treatment with CX614 at 50 M had smaller effects on mRNA levels for trkB than for the two neurotrophins (Fig. 9D ). Three hour incubations had no detectable influence on trkB cRNA labeling within the strata granulosum or pyramidale. Treatment for 6 hr yielded modest but significant increases in labeling within the stratum granulosum (172% elevation; p ϭ 0.0001 for comparison with control values) and CA1 stratum pyramidale (51% elevation; p Ͻ 0.02) with no reliable change in region CA3. After 24 hr, labeling was still elevated in the stratum granulosum but had returned to control values in the pyramidal cell layer.
Ampakine effects on hippocampal slice electrical activit y
Previous studies have demonstrated that the ampakines positively modulate AMPA receptor function without direct agonist activity (Arai et al., 1994) . In particular, they enhance monosynaptic potentials, cause much larger increases in polysynaptic responses (Arai et al., 1994 (Arai et al., , 1996 Sirvio et al., 1996) , and facilitate the induction of long-term potentiation (Staubli et al., 1994b) . However, the influence of the ampakine CX614 on evoked and spontaneous activity in cultured hippocampal slices has not been well characterized. To address this, extracellular recordings were collected to identify synaptic events associated with the changes in gene expression reported here.
Bouts of synchronized activity and spontaneous field potentials in the absence of stimulation were uncommon in untreated hippocampal explants (Fig. 10 A,D) . Stimulation (1-3 A; 0.1 msec) of Schaffer-commissural fibers in the CA1 stratum radiatum evoked synaptic responses with a slightly different time course than that typically obtained in acute hippocampal slices; i.e., responses had onset latencies of ϳ4 msec (vs 2 msec in acute slices) and durations of 40 -50 msec (vs 15-20 msec) (Fig. 10C) . Activation of Schaffer-commissural fibers in untreated slices often triggered repetitive synaptic activity (five to eight events at 5-10 Hz), presumably originating from CA3 recurrent circuitry (Granger et al., 1996) . As shown in Figure 10C , this repetitive synaptic activity was characterized by a single or complex population spike followed by a series of EPSPs (only the initial 200 msec segment is shown). Figure 10 illustrates the effects of CX614 on spontaneous synaptic activity in the CA1 stratum radiatum and stratum granulosum in vitro. As shown in Figure 10 A, at 10 M, a concentration near the threshold for modifying field EPSPs in acute slices (Arai and Lynch, unpublished observations), CX614 caused a small but detectable increase in the activity level within CA1 of all slices tested, but the magnitude of this effect was highly variable (1 sec recording epochs with spontaneous synaptic events ranged from 4 to 39%; average, 16 Ϯ 11 vs 1.5 Ϯ 0.5% before drug application; p ϭ 0.0357, Mann-Whitney U test, two-tail; n ϭ 3). At 20 M, a dose that increased BDNF mRNA in the granule cells but not the CA1, acute application of CX614 resulted in a large and consistent increase in activity within both fields. Spontaneous synaptic events in the granule cells occurred in 70 Ϯ 0.5% of the trials with CX614 as compared with 13.8 Ϯ 2.5% before drug ( p Ͻ 0.0001, two-tail Student's t test; n ϭ 3). There was a corresponding increase in spontaneous activity within field CA1 (Fig. 10 D; average, 75 Ϯ 5.7%; p ϭ 0.0357 vs control, Mann-Whitney U test, two-tail; n ϭ 3). With CX614 applied at 50 M, a dramatic increase in spontaneous activity was reliably seen in all slices (Fig.  10 A,D ; n ϭ 9 slices; 3 experiments). The field EPSPs in the CA1 occurred in trains usually lasting for 4 -7 sec and at a frequency of Solid symbols indicate significant differences between experimental and control group mean values (n Ն 4/group for A, B; n ϭ 7/group for C, D). A, B, CX614 alone increased BDN F cRNA labeling over control values in both hippocampal fields ( p Ͻ 0.001 for both, SN K), whereas cotreatment with CNQX markedly blocked this effect. C, D, In measures from a separate set of slices, C X614 alone increased BDN F cRNA labeling in the stratum (str.) granulosum and the entorhinal cortex ( p Յ 0.0003, Mann-Whitney U test). Moreover, in explants treated with CX614 ϩ Nim, labeling was increased above both control and nimodipine-alone values in both fields (C X614 ϩ Nim vs Nim, p ϭ 0.0002 for the str. granulosum, Mann -Whitney U test; p ϭ 0.0307 for the entorhinal cortex, Student's t test; C X614 ϩ Nim vs Con, p ϭ 0.0002 for the str. granulosum, Student's t test; p ϭ 0.0014 for the entorhinal cortex, Student's t test). However, cotreatment with nimodipine significantly attenuated the effect of C X614 on BDN F expression in the entorhinal cortex (*p Ͻ 0.0001 vs the C X614 group, Student's t test) but not in the str. granulosum.
5-10 Hz. Examples of the repetitive potentials are shown at a faster sweep speed in Figure 10 , B and C. Notably, the time course of the spontaneous activity was similar to that of evoked responses. Although high-and low-activity phases alternated approximately every 10 -20 sec, they did not have the high voltage, sharp spikes, or postevent refractoriness of evoked field EPSPs that are associated with epileptiform discharges.
Recordings were also collected from cultured slices treated continuously for 24 or 48 hr with 50 M CX614. Activity in CA1 after 24 hr (Fig. 10 E) was nearly the same as after 10 min infusions with 57 Ϯ 5.4% of the trials showing spontaneous synaptic events (Fig. 10 F; n ϭ 13 slices; 4 experiments) . As shown in Figure 10 F, spontaneous activity also was elevated in the granule cells after 24 hr treatments (average, 50 Ϯ 7.8 vs 9 Ϯ 1.9% before CX614; n ϭ 8; p Ͻ 0.0001, Mann-Whitney U test, twotail). The frequency of spontaneous activity (25.9 Ϯ 3.8%) in CA1 decreased by approximately one-half between 24 and 48 hr (Fig.  10 F; p ϭ 0.002, 48 vs 24 hr, U test); recordings were not made for the granule cells at this time point. In all cases, short episodes of repetitive field EPSPs punctuated by complex spikes were frequent and unaccompanied by evident disturbances in the size or shape of monosynaptic responses elicited by single-pulse stimulation of the Schaffer-commissural fibers. Accordingly, the above described reductions in ampakine-induced BDNF expression occurring after 12 hr incubations with 50 M CX614 cannot be ascribed to drug desensitization or a gradually developing depression of neuronal activity.
Neurocytology
Chronic effects of the ampakine were also evaluated using conventional histological procedures. Sections from slices treated with CX614 (50 M) for 24 hr were Nissl-stained and evaluated with regard to neuronal morphology and numbers of pyknotic cell bodies. Darkly stained cells were commonplace in the extreme lower portion of the explants (adjacent to the interface with the supporting membrane). These seemingly pyknotic bodies were present in all laminae within deeper levels of both vehicle-control and ampakine-treated slices. However, as shown in Figure 11 , they were primarily absent in sections taken from central and superficial levels. Neuronal somata in vehicle-control and drugtreated slices appeared to be of similar size, number, and distribution with little evidence of pyknotic cells in the principal cell layers. These qualitative data suggest that a 24 hr treatment with CX614 at 50 M does not induce overt neuropathology.
In vivo studies
Although BDNF mRNA levels are reduced in the hippocampus with Alzheimer's disease (Phillips et al., 1991; Murray et al., 1994) , decreases in BDNF gene expression have not been observed with aging in the rat (Lapchak et al., 1993; Narisawa-Saito and Nawa, 1996; Croll et al., 1998; Sugaya et al., 1998) . Nevertheless, protective effects of BDNF in vitro (Alderson et al., 1990; Spina et al., 1992; Kokaia et al., 1994) and in vivo (Ferrer et al., A, B) . Scale bar, 300 m. Panel C, Scatter graph showing the effect of different C X614 treatment intervals on NGF cRNA labeling in the stratum (str.) granulosum. As shown, labeling was significantly increased above control ( C) values in slices treated with 50 M CX614 for 3 and 6 hr but not for 24 hr ( p Ͻ 0.0001, ANOVA; solid symbols indicate significant differences between experimental and control group mean values, p Ͻ 0.01, SN K ; the number of explants per group is given in parentheses). Control values represent combined measures from 3 and 24 hr DMSO-treated explants; there was no difference in mean densities between the two groups. Panel D, Bar graph showing the effect of different CX614 treatment intervals on trkB cRNA labeling in the stratum granulosum (SG), the CA3 stratum pyramidale, and the CA1 4 stratum pyramidale (group mean values Ϯ SEM; C, values from 24 hr DMSO controls; n ϭ 6 per group). C X614 significantly increased trkB mRNA levels in all fields ( p Ͻ 0.008, Kruskal -Wallis nonparametric ANOVA). In the stratum granulosum, labeling was elevated at both 6 and 24 hr ( p ϭ 0.0011 and 0.03, respectively; Mann -Whitney U test). Labeling was increased in stratum pyramidale cells at 6 hr, but the data only reached significance for region CA1 ( p ϭ 0.013, Mann -Whitney U test). ns, Not significant. Figure 10 . Effects of acute and chronic application of C X614 on electrical activity within hippocampal explants. A-D, Acute treatment. A, Representative field recordings from the CA1 stratum radiatum of a single slice. Each block shows 199 recordings of 1 sec duration collected over a 400 sec period. The three blocks were recorded consecutively during an initial 30 min period of monitoring predrug baseline activity (lef t), 10 min after adding 10 M CX614 into the recording chamber (middle), and 10 min after increasing the drug concentration to 50 M (right). As shown, there was a modest increase in the incidence of spontaneous potentials with the 10 M dose. At 50 M there was a striking increase in spontaneous potentials that appeared in clusters of 4 -7 sec duration. Prolonged recording in the absence of C X614 did not lead to an increase in activity (data not shown). B, A spontaneous event taken from A (50 M C X614) shown at a faster sweep speed. The arrowhead indicates the population spike. C, Representative traces from another experiment. Evoked synaptic responses within the CA1 were recorded in the presence of 50 M C X614 (top trace). The bottom trace shows a spontaneous event recorded from the same explant before drug inf usion. Lowercase letters indicate the time point of the stimulation artifact ( a) and the onset of the synaptic potential ( b). D, Bar graph showing a summary of the data for recordings from the CA1 (black bars) and the dentate gyrus granule cell layer (DG; white bars) with the measure of activity being the percentage of total trials that exhibited spontaneous synaptic events. Values plotted are percentage means Ϯ SEM from recordings of predrug (n ϭ 5; 5 experiments for CA1; n ϭ 3; 3 experiments ( Figure legend continues) 1998; Hagg, 1998) suggest that increases in BDN F gene expression and /or local availability may have therapeutic value for counteracting degenerative processes associated with age and age-related disease in brain. With an interest in this possibility, effects of AM PA receptor modulators on BDN F mRNA expression in vivo were tested in aged (18-to 21-month-old) rats and middle-aged (9-to 11-month-old) mice using C X546. The ampakine C X546 was chosen for in vivo studies because, unlike CX614, effective in vivo doses have been identified in behavioral studies (Hess et al., 1999) . Figure 12 A illustrates the quantitative results obtained in rats with five daily intraperitoneal injections of CX546 and 24 hr survival after the last injection. As shown, BDNF cRNA labeling was markedly increased in the granule cells with this ampakine treatment regimen. Labeling was 49% greater in the stratum granulosum of ampakine-treated aged rats as compared with controls ( p Ͻ 0.03; because there were no meaningf ul differences between CDX and saline controls, their values were combined in the control group). There were no group differences in hybridization densities within the pyramidal cell fields.
To determine whether the ampakine effects on BDN F expression can be generalized to other mammalian species, we tested for the influence of C X546 in middle-aged (9-to 11-month-old) mice. As shown in the photomicrographs of Figure 12 , C and D, after a single injection of C X546 and 24 hr survival, BDNF cRNA labeling was clearly increased in the granule cells and CA3 pyramidal cells relative to densities in the same regions in yoked vehicle controls. In contrast, labeling in field CA1 was not obviously different between the two animals ( Fig. 12C) . Quantitative analyses confirmed these impressions (Fig. 12 B) . Labeling was 76% more dense in the stratum granulosum of ampakine-treated as compared with control mice ( p Ͻ 0.04). Measures from the stratum pyramidale demonstrated a 51% increase in CA3 ( p Ͻ 0.003) but no effect in CA1 after ampakine treatment.
DISCUSSION
The present results demonstrate that positive modulation of AMPA receptor function causes rapid and substantial increases in neurotrophin expression in the hippocampus and allied cortex. Like effects of elevated neuronal activity in vivo (Gall, 1992) , in ampakine-treated explants BDNF mRNA levels were increased throughout granule and pyramidal cell layers, NGF mRNA was increased within the stratum granulosum alone, and trkB mRNA levels were more modestly affected. Ampakine concentrations that were suprathreshold for enhancing synaptic responses increased BDNF mRNA by 5-to 10-fold within 3 hr, and this effect was reversed with drug washout. Drug-induced activity patterns in the CA1 consisted of 5-10 sec episodes of spontaneous field EPSPs with individual potentials separated by 100 -200 msec. The periods of activity were numerous and sometimes accompanied by synchronized cell discharges (population spikes). The relatively brief duration of the episodes, the short intervals between them, and their lack of effect on evoked field EPSPs distinguish these events from classic epileptiform discharges. It is of interest that the frequency of potentials within an episode approximated that found within the theta rhythm (Vanderwolf, 1969; Vertes, 1986) . Repetitive, endogenously generated activity with known relationships to complex behaviors thus appears to be sufficient to trigger reasonably rapid and pronounced changes in neurotrophin expression. This AMPA receptor-mediated effect is clearly independent of recently described BDNF induction via AMPA receptor-linked tyrosine kinase signaling that requires highligand concentrations and occurs in the absence of transmembrane calcium and sodium currents (Hayashi et al., 1999) .
The dose dependency for ampakine effects on expression paralleled that for physiology. Three hour treatments with CX614 at near-threshold concentrations for enhancing monosynaptic responses increased BDNF mRNA levels in the dentate gyrus but were without effect in field CA1. Physiological recordings from the dentate gyrus and CA1 showed that spontaneous synaptic events in both regions were significantly enhanced at nearthreshold concentrations. The close correspondence between dose dependencies for induction and synaptic facilitation, as well as the greater responsivity of the dentate gyrus for BDNF expression, was confirmed with a second ampakine. Why neurotrophin expression should be more responsive in the granule cells than in the pyramidal neurons is not apparent. The two classes of cells are distinct with regard to the genes they express and the responsivity of gene expression to peripheral stimuli (Gall et al., 1991a,b; Hess et al., 1995; Lauterborn et al., 1995; Link et al., 1995) . Firing rate is also notably different for pyramidal and granule neurons, with pyramidal cells typically firing in triplet bursts and granule cells occasionally firing in extended high-4 for DG), 10 M-treated (n ϭ 3; 3 experiments), 20 M-treated (n ϭ 3; 3 experiments for CA1; n ϭ 3; 3 experiments for DG), and 50 M-treated (n ϭ 9; 3 experiments) hippocampal slices (*p ϭ 0.0357; **p ϭ 0.001 vs predrug group, Mann -Whitney U test; for CA1, there was no significant difference in spontaneous activity between the 20 M-and 50 M-treated slices, p Ͼ 0.05, SN K). E, F, Chronic treatment. E, Representative recordings from three cultured slices exposed to 50 M C X614 for 10 min, 24 hr, and 48 hr. Field recordings were made in the presence of the drug. F, Bar graph showing the summarized activity levels for the CA1 and the DG in slices treated for 24 hr (n ϭ 13; 4 experiments for CA1; n ϭ 7; 3 experiments for DG) and 48 hr (n ϭ 7; 3 experiments) with 50 M C X614. For the sake of comparison, the data for CA1 baseline activity (indicated as 0) and the 10 min exposure to CX614 (50 M) from D are included here. For DG, only predrug activity (indicated as 0; n ϭ 10) and spontaneous activity after the 24 hr drug exposure are presented. Values plotted are percentage means Ϯ SEM (*p ϭ 0.0043 vs control; **p ϭ 0.001 vs control for CA1; **p ϭ 0.0001 vs control for DG, Mann-Whitney U test). frequency trains (Deadwyler et al., 1975; Rose et al., 1983) . Recent studies have demonstrated that temporal features of neuronal firing determine the degree to which activity regulates intracellular-signaling pathways and neuronal gene expression in primary sensory neurons Itoh et al., 1997) . Similar temporal specificities may account for regional differences in the magnitude of activity-induced changes in gene expression within the hippocampus.
Although threshold ampakine concentrations did not produce sizeable changes in pyramidal cell BDNF expression, they generated impressive effects when applied for 24 -72 hr. The fact that time can be substituted for concentration is important with regard to the possible use of ampakines for increasing neurotrophin levels in vivo. The results obtained with prolonged treatment with low dosages also provide clues about which aspects of physiological activity stimulate neurotrophin genes. Threshold concentrations of CX614 increased (1) the frequency of endogenous field EPSPs and complex spikes as well as (2) the likelihood that these events would occur in clusters. Both effects were relatively subtle (drug-induced changes became apparent only after several minutes of recording) and indeed constitute the minimal physiological conditions described to date for upregulating neuronal gene expression. Although the amount of activity over extended periods can reasonably be assumed to influence expression, burst activity might more effectively link excitatory drive with regulatory cascades. Long-term potentiation studies have shown that two short bursts of afferent stimulation trigger postsynaptic enzymes (Vanderklish et al., 1995) when applied in a pattern similar to that initiated by ampakines in the present study. It remains to be tested whether increasing synchronized activity (as opposed to overall activity level) with manipulations other than ampakines will affect hippocampal neurotrophin expression.
Blocking the release of transmitter or its binding to AMPAtype glutamate receptors suppressed the effects of ampakines throughout the hippocampus and retrohippocampal cortex. This is as expected for a positive modulator of AMPA receptors. Increases in the strength of excitatory input presumably affect gene expression by potentiating dendritic depolarization and/or cell spiking. Both processes promote the opening of voltagesensitive calcium channels (VSCCs) and NMDA receptors, events shown to stimulate BDNF gene expression in embryonic cortical neurons, with VSCCs having the larger effect (Ghosh et al., 1994) . BDNF induction by ampakines was unaffected by an NMDA receptor antagonist, leaving the VSCCs as likely mediators. This was confirmed for the entorhinal cortex with the L-type calcium channel blocker nimodipine. The absence of nimodipine effects on induction in the hippocampus indicates regional specificity in mechanisms via which activity regulates BDNF expression. This was suggested previously by the finding that the calcium/calmodulin-dependent protein kinase (CamK) II/IV inhibitor KN-62 attenuates BDNF induction by seizure in the neocortex but not in the dentate gyrus (Murray et al., 1998) . Regional differences could arise at levels of calcium influx (e.g., nimodipine-sensitive vs -insensitive VSCCs), intracellular signaling, and/or BDNF promoter use. There are four major BDNF transcript forms; each contains a distinct promoter-associated 5Ј exon (I-IV) and a common 3Ј exon (V) that encodes BDNF protein (Timmusk et al., 1993) . The BDNF cRNA used here recognizes BDNF exon V and, therefore, all transcripts. Within cultured cortical neurons KCl depolarization specifically induces BDNF exon III-containing mRNA via L-type VSCCs and CamK IV/CRE-binding protein-dependent signaling (Ghosh et al., 1994; Figure 12 . Systemic treatment with the ampakine C X546 increases BDNF mRNA content in rat and mouse hippocampus in vivo. A, B, Bar graphs show the densitometric quantification of BDN F cRNA labeling in hippocampal stratum granulosum (SG), CA3 stratum pyramidale, and CA1 stratum pyramidale of control (dark bars) and C X546-treated (light bars) aged rats ( A) and middle-aged mice ( B). A, Data from one naive and three vehicle-control rats were combined for analysis, and aged rats were treated for 5 d with CX546 (30 mg / kg, i.p., once a day; n ϭ 6) and killed 24 hr after the last injection. Error bars represent group mean values (Ϯ SD) for the SG and stratum pyramidale of fields CA3 and CA1. As shown, in vivo treatment with CX546 resulted in increased cRNA labeling in the granule cells as compared with control values ( p Ͻ 0.03, Student's t test). No change was seen in the pyramidal cells. B, The bar graph shows BDN F cRNA hybridization levels in sections from control (naive and cyclodextrin vehicle; n ϭ 6 total) middle-aged mice and middle-aged mice treated with CX546 (40 mg/kg, i.p.; n ϭ 3) and killed 24 hr after injection. Error bars show group means (Ϯ SEM). Treatment with C X546 resulted in significantly elevated levels of BDN F cRNA labeling in the stratum granulosum ( p ϭ 0.036, Student's t test) and CA3 stratum pyramidale ( p ϭ 0.0025, Student's t test) as compared with controls. As seen for the aged rat, there was no difference in hybridization within CA1 in the middle-aged mice. C, D, Dark-field photomicrographs show examples of BDNF cRNA hybridization in sections through the hippocampus from a control (naive) middle-aged mouse ( C) and a middle-aged mouse killed 24 hr after a single injection of C X546 (40 mg / kg, i.p.; D). As shown in D, CX546 resulted in elevated BDN F cRNA labeling within the stratum granulosum (sg) and the CA3 stratum pyramidale (sp) that is restricted to the cell layers with no obvious change in hybridization within CA1. Scale bar, 200 m. Shieh et al., 1998; Tao et al., 1998) . This specific mechanism, which would be blocked by nimodipine as well as by , is likely to account for ampakine effects on BDN F mRNA in entorhinal cortex. By contrast, basal and activity-induced expression of transcripts containing exons I and II is reportedly negatively regulated via a neuron-restrictive silencer element in promoter II (Timmusk et al., 1999) . Major goals of f uture research will be to determine the regional transcript profiles and signaling pathways that differentiate ampakine-induced BDN F expression in the hippocampus and cortex.
Although BDN F mRNA levels initially increased over the time of ampakine exposure, suprathreshold doses set in motion an effect that gradually offset drug-induced upregulation. The ampakines did not lose potency when incubated with cultured slices, as demonstrated with media transfer experiments, and continued to exert electrophysiological effects, whereas BDN F mRNA content returned toward control levels. Recent in vivo studies indicate that NGF becomes refractory to induction after transient upregulation (C. M. Gall and J. C. Lauterborn, unpublished observations); reduced BDN F mRNA levels with continued ampakine exposure may represent a similar effect. BDN F protein levels did not decrease when drug incubations were extended beyond 12 hr. This raises the possibility that reduced gene expression with longer treatments may be caused by end-product inhibition; i.e., elevated levels of neurotrophin protein (or another gene product upregulated by ampakine exposure) may depress gene expression and/or block activating cascades. Refractoriness to chronic ampakine exposure is likely to be a general phenomenon because induced NGF expression reversed even more rapidly than did induced BDN F expression. In this case, the fall off occurs in a sufficiently brief period that protein synthesis inhibitors might be used to test the idea of end-product inhibition. Whatever its mechanism, refractoriness will be a consideration when devising pharmacological regimens for manipulating neurotrophin expression and signaling.
The possibility of using ampakines to increase neurotrophin expression in aged and middle-aged animals was tested using peripheral injections of C X546 and a 24 hr delay. Doses were selected that generate a characteristic ampakine effect on behavior, namely, suppression of methamphetamine-induced hyperactivity (Hess et al., 1999) . Five daily injections in aged rats resulted in a marked increase in BDN F mRNA levels in the dentate gyrus granule cells. Similarly, a single treatment in middle-aged mice increased BDN F mRNA content in the dentate gyrus and field CA3. For both species there was no change in BDN F expression within field CA1. Because CA1 also was less responsive in slices, these results suggest that the in vivo results involve the same processes initiated by ampakines in vitro. Optimal treatment regimens and effects on BDN F protein are not known, but the present results strongly suggest that systemic treatment with doses that do not perturb behavior can be used to upregulate at least one aspect of neurotrophism in the middle-aged and aged brain. Important goals for f uture research will be to determine whether systemic ampakine treatment can sustain elevated brain neurotrophin levels and to test the general idea that increasing endogenous neurotrophin expression can be used to offset impairments in brain f unctioning that arise with age.
